Measurement and control of magnetic order and correlations in real time is a rapidly developing scientific area relevant for magnetic memory and spintronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In these experiments an ultrashort laser pulse (pump) is first absorbed by excitations carrying electric dipole moment. These then give their energy to the magnetic subsystem monitored by a time-resolved probe. A lot of progress has been made in investigations of ferromagnets but antiferromagnets are more challenging. Here we introduce time-resolved two-magnon Raman scattering as a novel real time probe of magnetic correlations especially well-suited for antiferromagnets. Its application to antiferromagnetic charge transfer insulator YBa2Cu3O6+x revealed rapid demagnetization within 90fs of photoexcitation. The relaxation back to thermal equilibrium is characterized by much slower timescales. One of these, which is extremely slow, indicates a novel metastable state hosting trapped charge carriers.
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Time-resolved studies of magnetism on ultrafast timescales span a wide range of materials from itinerant ferromagnets to insulating oxides. [1] However, they have many limitations and there is a great need to develop new techniques especially for antiferromagnets (AFs). Timeresolved magneto-optical Kerr Effect (MOKE) [2] , circular dichroism [3] , or time-resolved angle-resolved photoemission (trARPES) [4] see ferromagnetic (FM) ordered moment and can only be applied to ferromagnets and canted antiferromagnets. Optical measurements have been used extensively to investigate AFs, but they provide only indirect information about the magnetic channel. [5] [6] [7] [8] Stimulated Raman scattering works only in special cases and is also indirect. [9] Resonant x-ray diffraction is a powerful probe of magnetic order [10] [11] [12] [13] [14] but in many materials (such as cuprates), kinematics do not allow access to AF zone boundary ordering wavevectors. Resonant inelastic x-ray scattering (RIXS) has been used once in the time-resolved mode, but neither time nor energy resolution were sufficient to see strong effects in the magnon spectrum. [15] Two-magnon (2M) Raman scattering from ultrafast laser pulses used as a probe fills this gap. We developed it while investigating YBa 2 Cu 3 O 6+x (YBCO), which is of broad interest as an AF charge transfer (CT) insulator whose hole doping leads to high temperature superconductivity. (Fig. 1a ) CT and similar Mott/Hubbard insulators are characterized by a large Coulomb energy cost for an electron to hop onto a site that is already occupied by another electron. This interaction splits the conduction band into the lower and upper Hubbard bands, which correspond to singly and doubly occupied sites. Typically these bands are separated by a gap, U, of the order of 2eV. In insulating phases the conduction band is half-filled (one electron per site), electrons are localized, and their magnetic moments order antiferromagnetically.
It is well-known from literature that the Raman spectrum of insulating oxide perovskites is dominated by a broad intense two-magnon (2M) Raman peak. [16] [17] [18] [19] In YBCO its maximum is at 2720 cm −1 (Fig. 1b ). [20] [21] [22] Fig. 1b illustrates the schematic of 2M scattering process that is responsible for the excitations giving rise to the 2M peak maximum: The incident laser photon is absorbed by a virtual creation of a doubly-occupied site and an empty site. Then the other electron jumps to fill the hole ending up with two near neighbor moments flipped. The energy cost due to the breaking of six exchange bonds is about 2.7J. In other words, 2M mainly originates from slowly dispersing magnons near the zone boundary, which corresponds to shortwavelength magnons. As a result, 2M Raman scattering is sensitive to short-range AF order, which makes it a powerful tool for the study of magnetic excitations and correlations. 2M Raman scattering has been reported in many Mott and charge transfer (CT) insulators such as YBCO.
The 2M peak appears in the B 1g symmetry, which can be isolated by polarization analysis of incident and scattered probe pulses. The configuration xx/xy indicates that the incident laser polarization is parallel to the primitive cell in-plane crystal axes (a and b), and the scattered light polarization is parallel/perpendicular to the incident laser polarization respectively. The x' and y' directions are rotated 45 • in the ab plane with respect to a and b. xx, xy, x'x', and x'y' polarization geometries
Traditionally the 2M Raman spectra are obtained with CW lasers. We added time domain to these measurements by using a system based on an amplified modelocked 20 kHz Ti:sapphire laser. [38] Its fundamental 790 nm (≈1.5eV) laser pulses, whose photon energy happens to be very close to the YBCO CT gap, were used as the pump. The pulse at 395 nm from second harmonic generation (SHG) was used as the probe. Its photon energy resonates with the virtual absorption (transition from the initial state to intermediate state in Fig.1b Raman-scattered light (green) is collected into the spectrometer. The broad peak with a maximum at 2700 cm −1 shown in the window is the 2M scattering signal obtained with the 532 nm laser. The mechanism of the 2M scattering process is illustrated in the schematic above the data window: An electron is hopping to its nearest neighbor by absorbing an incoming photon, creating an unoccupied site and a doubly occupied site. The other electron in the doubly occupied site with opposite spin hops back to the hole site with the emission of an outgoing photon. The final state has six exchange bonds that are energetically unfavorable. (c) Schematic of photoexcitation followed by relaxation as discussed in the text: Creation of holons/doublons followed their diffusion and recombination accompanied by spin flips, and finally, relaxation of magnetic excited state to thermal equilibrium.
scattering process around 3eV [23] , which enhances the signal. All optics after SHG including a focusing mirror before the sample were mirror-based to ensure high time resolution. Measurements were performed at room temperature on McPherson triple Raman spectrometer equipped with the liquid nitrogen-cooled CCD detector. It was calibrated with a standard McPherson Model 621 light source supplied with CSTM-CAL-LX-IRR calibration certificate. Our experiments did not probe phonons as the large width of the laser line in energy necessary to obtain good time resolution precludes measurements below 800cm −1 , which is above the energy of phonons. Reducing this cutoff by passing the probe laser through a bandpass filter would significantly degrade time resolution.
Since we are interested only in the Raman scattering from the probe laser pulse, photon counts obtained with the pump alone were considered as background and subtracted from raw data. This background increases with increasing pump power, with statistical uncertainly also increasing as a result.
To characterize the sample we measured the phonon spectrum with high resolution using the CW 532nm diode laser. The phonon spectrum, which is very sensitive to doping was consistent with the oxygen concentration well below the metal-insulator transition (close to x=0.1).
Energy injected by pump laser pulses can be efficiently absorbed by electrons hopping into doublyoccupied neighboring sites when the pump photon energy is equal to or greater than U (Left two diagrams in Fig. 1c ). The resulting doubly-occupied sites (doublons) and unoccupied sites (holons) both have zero magnetic moment. They disorder remaining magnetic moments as they diffuse through the atomic lattice (diagrams on the right in Fig. 1c ). The resulting demagnetization should impact the magnon spectra and, as a consequence, twomagnon Raman scattering. In particular, scattering intensity near the peak originates from antiferromagnetically ordered regions without holons or doublons, so it is a good measure of the underlying short range magnetic order. Figure 2 shows that the 2M peak is suppressed after an ultrafast optical excitation (indicated by a blue arrow) with some spectral weight moving below 2000 cm −1 (indicated by a red arrow). (See Fig. 2 ). Time-dependence of the scattering intensity integrated from 2500 cm −1 to 3000 cm −1 and from 1000 cm −1 to 1500 cm −1 (Fig. 4) gives a quantitative picture. The initial jump/drop of the intensity occurs within our time resolution of 90 fs deduced from a cross-correlation measurement.
The lineshape of the 2M peak is determined by many factors in addition to the joint density of states including magnon-magnon interactions, electron-photon matrix elements, and spin-phonon coupling. The peak is asymmetric with more spectral weight appearing on the highenergy side. This asymmetry was explained as originating from coupling to an apical oxygen phonon. [32] One needs a very specific model in order to describe the lineshape of the 2M peak based on an interaction Hamiltonian, which is outside the scope of this work. Instead we fit the 2M peaks using a phenomenological lineshape that is essentially a Gaussian peak, modified to be asymmetric, on top of a background (Fig. 3 ). We find that the peak maximum softens by a maximum of 2% when the pump fluence is 625mJ/cm 2 as a consequence of ptotoexcitation and comes back within 500fs. (Fig. 5a ) Increase in the pump fluence further softens the 2M peak as showin in the inset to Fig. 5a . Without a microscopic model it is hard to interpret this result conclusively, but if we assume that the maximum in the photoexcited state is still at 3J, then J has been modified slightly during photoexcitation. This observation is in line with the prediction of Ref. [24] , which requires modification of oxygen orbitals that mediate the exchange interaction. In this framework relaxation of J corresponds to the doublon-holon recombination, since in CT insulators such as YBCO holes occupy oxygen orbitals.
The linewidth of the 2M peak shows a large increase at short times and appears to be peaked around 300fs. (Fig. 5b) It is instructive to compare this behavior with the results of transient optical conductivity because pump photons can be directly absorbed only by optically-active charge excitations. The pump pulse first generates a metallic Drude-like spectrum, which indicates that photoinduced doublons and holons (Fig. 1c ) are mobile right after photoexcitation. [5, 6, 8] As a doublon or holon hops through the atomic lattice, it leaves behind a trail of flipped spins. (Fig. 1c ). Energy release from holon-doublon pair recombination further disrupts the AF order and, as a consequence, suppresses the 2M peak: The exchange interaction is about 2J ∼ 300 meV, so by energy conservation, recombination must be accompanied by the emission of at least 5 magnons. The calculation by Lenarcic et al. [25] showed that, due to strong electron-spin coupling, the recombination rate for electron-hole pairs with the multimagnon emission via intermediate states of Hubbard excitons (doublons-holon bound states) is about 90 fs. Eckstein et al. [26] also predicted a 20 fs recombination rate of doublons and holons by considering the involvement of local AF excitations. The calculated timescales are consistent with our experimental observations, which place an upper bound of 90 fs.
After most holon-doublon pairs recombine, the remaining carriers form localized mid-gap states observed by optical probes [5, 6, 8, 27] . These form and decay much more slowly. It was proposed that these states form polarons with either spin or phonon bosonic field component. Ultrafast suppression of the 2M peak intensity in our experiments confirms that mid-gap states perturb the AF order. Figure 3a ,b shows that the reduction of the peak intensity of the x'y' spectra with pump fluence of 2.5 mJ/cm 2 is a factor of 2 greater than for a much smaller pump fluence of 0.75 mJ/cm 2 . The time scale of the 2M recovery (∼1 ps) is similar at different pump powers, but the magnitude of melting follows a nonlinear power dependence ( Figure 3c ). We fit this fluence dependence with a saturation model ∼ F/(1 + F/F 0 ) with the fitting parameter F 0 = 0.9 mJ/cm 2 . This saturation of magnetic melting is consistent with the involvement of magnons in the relaxation. [26, 28] It has also been predicted that the relaxation time for photoexcited charges increases with increasing fluence due to substantial suppression of the spin correlation. [26, 28] Since this electron-spin relaxation timescale is around 10 fs, our time resolution is not good enough to see this dependence.
After reaching a minimum around t = 100 fs the integrated intensity from 2500 cm −1 to 3000 cm −1 recovers following an exponential function with a time constant of 1040 fs. (Fig. 4a ) Optical spectroscopy reports 1ps recovery timescale as well. [29] It could be related to the energy transfer from local AF excitations to propagating magnons. [27, 30] Dal Conte et al. proposed a scenario for doped cuprates where in addition to local AF excitations, photocarriers also decay into strongly-coupled optical phonons and acoustic phonons with the time scales of about 100 fs and 1 ps, respectively. [31] Coupling between phonons and magnons was reported in a Hubbard-Holstein model-based calculation of the lineshape of the two-magnon peak, which agreed with experiments. [32] More work needs to be done to determine whether energy released during the recovery of the 2M Raman peak is due to magnons, phonons or both. Figure 4b shows the dynamics of x'y' low energy excitations (integrated from 1000 cm −1 to 1500 cm −1 ) fit with a biexponential function. The increased spectral weight below 1500 cm −1 relaxes with a fast time constant of 675 fs followed by slow decay with a time constant of over 50 ps. The same energy interval in the x'x' configuration exhibits slow decay only (see Fig. 4b inset) . These observations suggest that the fast decay has B 1g symmetry characteristic of 2M scattering. Its increased population at low energies right after photoexcitation may also be related to increased population of low energy magnons (a,b) Two-magnon Raman spectra at t=-1000 fs and t=300 fs with pump fluence of 2.5 mJ/cm 2 (left) and 0.75 mJ/cm 2 (right) in the x'y' configuration. Luminescence from the pump only was subtracted. Inset: The pump fluence dependence of integrated intensity change from t=-1000 fs to t=300 fs. The integrated intensity from 2200 cm −1 to 3400 cm −1 was normalized to the integrated intensity at t=-1000 fs. The background that does not originate from two-magnon scattering was subtracted to determine the extent of magnetic melting (this background was measured in x'x' configuration). We observe a trend towards saturation at high pump fluence. The solid curve is a fit to a saturation model F/(1 + F/F0) with F0 = 0.9 mJ/cm 2 .
and/or disordered regions where flipping two moments would cost less energy than when the magnetic order is fully established. The slow decay indicates a possible metastable state. Its appearance in both x'y' and x'x' configurations points at electronic Raman scattering from trapped charge carriers, which is consistent with the observation of a similar slow decay by ultrafast optical spectroscopy. [6, 29] One may think that carrier relaxation in CT insulators should be similar to semiconductors due to the similar gap size of about 2eV. Electrons excited into the conduction band can relax into the valence band only via slow radiative decays or multi-phonon scattering as the highest one-phonon excitation energies are on the order of 100 meV. Carrier relaxation time scale in semiconductors (see e.g. [33] ) is about 2-3 orders of magnitude longer than that observed in itinerant (metallic) ferromagnets where the demagnetization time scale is around 100-200 fs followed by ∼ 1 ps recovery. [4, 34] Optical measurements on CT insulators [5, 6, 29] as well as our results show that nonequilibrium dynamics are characterized by both fast and slow relaxation timescales.
Since 2M Raman scattering only probes short-range spin correlations in the 2D copper oxide planes, it would be desirable to figure out what happens to the 3D magnetic order after an intense optical excitation. Due to a much smaller inter-layer exchange constant, we expect that the recovery of 3D order to be slower than of the 2D Our experiments demonstrated that time-resolved 2M Raman scattering is a powerful probe of ultrafast demagnetization in antiferromagnetic Mott/charge transfer insulators. It can be applied to a variety of materials where two-magnon Raman scattering has been observed. [19] Electron-spin coupling plays an important role in photo-carrier relaxation as evidenced by a radical disturbance of the magnon spectrum. In YBCO the maximum effect occurred within our experimental resolution of 90 fs of photoexcitation, which is much faster than demagnetization timescales in itinerant ferromagnets. [4] Slower timescales characterizing subsequent relaxation to thermal equilibrium are of the same order of magnitude or greater than phonon-driven relaxation in conventional materials (e.g. graphite). [37, 38] The slowest relaxation timescale of at least 50ps indicates a formation of a novel metastable phase. Our results demonstrate strong cou-pling between charge and spin degrees of freedom, which potentially accounts for high T c superconductivity. In the future tuning pump laser energy to resonate with particular dipole-active phonons may allow using these measurements to investigate spin-phonon coupling.
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